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Introduction 
Eutrophication of fresh waters through anthropogenic enrichment by 
phosphorus is a global problem (Environment Agency 2000a). The role of 
phosphorus enrichment in the formation of blooms of toxic blue-green algae 
(Cyanobacteria) in fresh waters is well established and of considerable 
concern in terms of human and animal health, loss of water resources and 
amenities, threats to fish stocks, and aesthetic considerations (Codd & Poon 
1988; NRA 1991; Baker & Humpage 1994). Cultural eutrophication also 
poses threats to the ecosystem balance in fresh waters, with implications for 
wildlife (Robach et al. 1996; WWF 1998; Environment Agency 2000a,b; 
Mainstone et al. 2000). Indeed, at the global scale 51% of freshwater species, 
from fish and frogs to river dolphins, are declining in numbers and this is at 
least in part attributable to the five-fold increase in fertiliser usage since the 
1960s (WWF 1999). 
The pathways of anthropogenic phosphorus inputs to fresh waters are 
reasonably well understood, and include diffuse sources in both rural and 
urban areas as well as identifiable point sources (Novotny 1994; Environment 
Agency 2000a). A diversity of strategies to control inputs exist "end-of-pipe" 
or "end-of-field", including various techniques for the tertiary treatment of 
effluent (reviewed by Mainstone et al. 2000) and riparian buffer zones 
(reviewed by Haycock et al. 1996). Solutions such as sludge pumping and 
biomanipulation have also been applied to reverse the effects of long-term 
eutrophication in still waters (Moss et al. 1996a). 
Sustainable development contrasts markedly with more traditional "end-of-
pipe" approaches to pollution control. It is instead concerned with addressing 
systematic causes of problems rather than management of "downstream" 
effects, and it is also concerned with wider social and economic as well as 
environmental implications (Everard 2000). It is also fundamentally related to 
the achievement of a defined end-state of sustainability in the system as a 
whole, rather than just incremental improvements from current less-than-
satisfactory norms (Everard 2000). This article examines phosphorus 
enrichment in fresh waters from a systems perspective, and explores systems 
solutions that may be helpful in the development of more sustainable policies. 
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A systems-oriented view of the natural phosphorus cycle 
There are in essence two interlocking phosphorus cycles: one operating at a 
geological scale and the other at an ecosystem scale. 
Over geological time-scales (millions of years), there is a net movement of 
phosphorus from land to the seas and back again. Weathering and erosion 
from rocks results in the presence of phosphorus in terrestrial and aquatic 
systems, often in limiting concentrations. Once passed through ecosystem-
scale cycles, phosphorus entering the oceans eventually accumulates in sinks 
on continental shelves and the profundal depths in the form of insoluble 
deposits, gradually becoming locked away into rocks (i.e. partitioning from 
the biosphere into the lithosphere). Tectonic movements operating over 
geological time-scales raise crustal plates from the sea floor and expose 
phosphates and other phosphorus-rich deposits to weathering on land, 
completing the immensely long-term cycle involving release from the 
lithosphere to the biosphere. 
Ecosystem time-scales operate extremely fast compared with geological 
time-scales, in reality operating at a range of temporal and spatial scales 
(seconds to decades or centuries). All of the diverse and adaptive ecosystems 
of this planet operate through the cyclic reuse of substances, powered by net 
inputs of energy from the sun (Odum 1982; Odum 1983). All organisms 
within ecosystems require phosphorus, which comprises significant 
proportions of molecules in living cells (nucleic acids, NADPH, ATP, 
phospholipids, etc) as well as the bones and teeth of vertebrates. Plant uptake 
of phosphorus from soils and the water column is in turn utilised by 
herbivores, carnivores, shredders, decomposers, and other functional 
components of the ecosystem. This results in phosphorus movement between 
water column, sediment and biotic compartments (Mainstone et al. 2000), and 
produces complex patterns of phosphorus residence times, storage, transport, 
export, and concentrations within each compartment of the ecosystem 
(Hoffmann et al. 1996). 
Holmberg et al. (1996) have developed a simple systems model of the 
interlocking geological and solar-powered ecosystem cycles, including the 
part played by a sustainable human society. Their model, central to the 
sustainable development tools used by The Natural Step, is incorporated into 
Fig. 1. 
A systems-oriented view of the phosphorus cycle, as modified by human 
intervention 
Unlike other species within the planetary ecosystem, and certainly compared 
to its pre-industrial state, modern human society over-rides the life-support 
capacities of the planetary system and causes them often irreparable damage 
at a dramatic and accelerating rate (WWF 1998; UNDP 1998). Holmberg et 
FIG. 1. The four System Conditions of The Natural Step, outlining the four necessary 
conditions to be met within this systems model if society is to be sustainable. The basic 
components of the model are derived and adapted from Holmberg et al. (1996). 
The four System Conditions of The Natural Step are: 
In the sustainable society, nature is not subject to systematically increasing (1) 
concentrations of substances extracted from the Earth's crust, (2) concentrations of 
substances produced by society, (3) degradation by physical means, and, in that 
society, (4) human needs are met worldwide. 
In the text-figure, the thick arrow against System Condition 1 represents the flow of 
substances from the lithosphere into catchments, whilst the thick arrow against System 
Condition 2 represents the flow of synthetic substances exceeding natural breakdown 
rates. Equally, the thick cross against System Condition 3 represents the destruction of 
ecosystems and ecosystem services, whilst the "stick people" drawn against System 
Condition 4 represent social conditions that contribute to unsustainability. 
al. (1996) conceptualise the first-order principles by which society breaches 
the sustainable planetary life-support cycles in terms of four "System 
Conditions" stemming from their systems model; these have recently been 
rephrased by The Natural Step as shown in Fig. 1. 
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Unlike natural cycles, which do not tend to accumulate waste over 
ecosystem time-scales, human society has developed linear patterns of 
resource use - mine-use-dispose - from which waste is produced with all 
manner of "downstream" impacts (Jackson 1996). Fossil minerals of all types 
- including fossil carbon fuels, radioactive substances, heavy metals and 
mineral nutrients - are utilised today at a scale vastly exceeding the slow rate 
of the geological cycle that partitions them from the biosphere. The result is a 
net accumulation of mined substances, including phosphorus, which were 
formerly "locked away" from the living parts of the planet. This is a clear 
breach of System Condition 1 of The Natural Step framework (as 
conceptualised by Holmberg et al. 1996), representing a return of the 
biosphere to a former more toxic state. The principal means by which society 
contributes to the linear flow of phosphorus from the lithosphere to the 
biosphere include its use in the domestic, industrial and agricultural sectors. 
The major domestic sources of phosphorus include sewage and detergents, 
with loads to sewage treatment works (STWs) accounting for 34% of the 
phosphorus that enters surface waters in the EU (Morse et al. 1993). Most of 
the phosphorus in sewage comes from food wastes, via the human body 
(Driver et al. 1999). This source is particularly important, as it appears to 
represent much of the bioavailable phosphorus entering fresh waters 
(Mainstone et al. 1995). Phosphorus stripping is becoming increasingly 
common in STWs in the UK, in response to a variety of regulatory 
instruments summarised in Table 1. 
However, a common feature of these instruments for phosphorus control are 
that the problem has been approached at a local scale as phosphorus removal, 
rather than in systems terms as phosphorus recycling, to prevent downstream 
accumulation which inevitably results from linear use. Today in the UK, much 
of the phosphorus recovered from effluent is not recycled, but is instead 
disposed of in landfill sites (Mainstone et al. 2000) which, relative to 
geological time-scales, can only be considered as slowing down its eventual 
entry into the biosphere. Indeed, some of the metals used in phosphorus 
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recovery, such as iron, result in contaminated phosphate precipitates that are 
strongly bound to potentially toxic metal ions, rendering them unusable in 
agriculture or industry (Strickland 1999). 
Various studies in the river catchments of England and Wales suggest that 
direct industrial sources of phosphorus are negligible or else in the order of 
only 2 to 3% of the total load (Mainstone et al. 2000) and that they comprise 
only 7% of total loads in the surface waters of the EU (Morse et al. 1993). 
Much of this can be attributed to the increasing eco-efficiency measures put in 
place by industrial processes; the main phosphorus impacts may therefore 
arise from the use and disposal of the products of these industries in the 
domestic and agricultural sectors. Nevertheless, phosphorus inputs from 
industry may be more significant in individual catchments (Environment 
Agency 2000a). 
Agriculture is a major source of diffuse nutrient pollution in the UK (NRA 
1992; Environment Agency 2000a), as in many developed countries (WWF 
1998, 1999). Of the phosphorus and nitrogen fixed by plant matter globally, 
50% is from human origins (May 2000). Fertiliser use has increased five-fold 
since the 1960s (WWF 1999), and 38 million tonnes of rock phosphate is 
mined globally each year, of which 85% is used in fertilisers and animal feeds 
(Driver et al. 1999). Up to 55% of phosphate in some river catchments within 
the UK is estimated to come from agricultural sources (WWF-UK 1993, cited 
in Baldock et al. 1996). Morse et al. (1993) estimate that 16% of the 
phosphorus entering the surface waters of the EU derives directly from the 
application of fertilisers, whereas 34% arrives indirectly via livestock (they 
estimate that only 50% of the total phosphorus derives from combined 
agricultural sources). Prior to its industrialisation since the Second World 
War, agriculture in the UK relied less on inputs of artificial fertilisers and 
other methods for enhancing production (Moss et al. 1996b). Indeed, prior to 
the latter half of the 20th Century, there was evidence of considerable reuse of 
phosphorus through agricultural practices and reuse of "night soil" (Driver et 
al. 1999). In contrast, today's agricultural production methods are largely 
dependent upon a continuous supply of mined rock phosphate. About 60% of 
the mined phosphorus applied in agriculture today is used in the industrialised 
world, accounting for only 35% of the planet's agricultural land and 25% of 
its population (Granstedt 2000). Whereas the 1930s represent a time when 
crops and stock were selected in Europe according to the characteristics of the 
land, today they are selected instead on the basis of their short-term 
profitability, supported by cheap linear inputs of phosphorus fertilisers and 
other agrochemicals and substantially distorted by subsidies and an assured 
market for produce (Moss et al. 1996b; Pretty & Howes 1993). Neither is 
phosphorus used efficiently on farmland, as it is rarely targeted at areas with 
deficiencies. On average, three times more phosphates are added to farmed 
land in Sweden - in the form of fertilisers, animal feed and other phosphate 
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products for agriculture - than the amounts eventually leaving agriculture 
incorporated within plant and animal produce (Granstedt 2000). Of the 
phosphorus contained within this produce, it is estimated that only around 
20% is eventually ploughed back into the ground; the remaining 80% ends up 
in sludge in sewage treatment plants (which is generally buried in landfill sites 
due to contamination with other substances) or in household waste (Granstedt 
2000). 
Society's mass linear transfer of phosphorus to fresh waters and elsewhere 
in the biosphere from these three routes is substantial, and is summarised as a 
system in Fig. 2. 
A variety of studies in the UK suggest that background concentrations of 
phosphorus in fresh waters are around one order of magnitude lower than 
today's observed levels (as reviewed by Morse et al 1993; Mainstone et al 
2000; Environment Agency 2000a). Cultural eutrophication is one of a range 
of factors threatening aquatic wildlife at the national scale (as summarised by 
Environment Agency 2000b; Mainstone et al. 2000) and global scale (WWF 
1998). Linear phosphorus resource use is also wasteful, and has a range of 
other associated sustainability implications. These associated problems 
include the collateral release of heavy metal impurities (particularly cadmium 
and arsenic) immobilised by the same geological processes that partition 
phosphate deposits in oceanic shelves over millions of years, physical 
destruction of habitat, and ethical issues associated with mining, and energy 
(generally from fossil carbon sources) utilised in the extraction, purification, 
transport and spreading of fertilisers. 
Systems solutions 
Solutions to phosphorus enrichment problems will comprise both the primary 
issue of introducing cyclic reuse of the valuable resource within catchments, 
and the secondary issue of minimisation of flows through this cycle by 
meeting human needs in more resource-efficient means (Holmberg et al. 
1996). Fig. 3 identifies steps (boxes A-F) associated with these two strategies, 
which are discussed in a little more detail below. The purpose of this review is 
not to go into great depth about the techniques and technologies themselves. 
Rather, it is to provide a systems context for discussing the problem of 
phosphorus enrichment, and highlight approaches that can contribute towards 
the sustainable and cyclic reuse of phosphorus by society in ways that do 
not result in a net accumulation of this and other substances in natural 
systems. 
A. Recovery of phosphorus from STW effluent 
Various technologies are currently available to remove phosphorus from 
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Fig. 3. Cyclic approaches to phosphorus usage, minimising linear flows and "downstream" 
impacts (see the text for explanation of boxes A to F). 
liquid effluent. These include precipitation with ionic metals added as metal 
salts (typically Al, Ca, Fe), biological treatment, ion exchange, and magnetic 
removal (Mainstone et al. 2000). A range of novel technologies is also 
available. One of the technical obstacles to removal is the low concentration 
of phosphorus in liquid effluent, typically in the range 1 to 10 mg per litre 
(Mainstone et al. 2000). 
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Phosphorus scavenged by chemical precipitation contains heavy metal 
impurities one or two orders of magnitude lower than in mined rock 
phosphorus (CEEP 1998). Phosphorus precipitated by iron and aluminium is 
reported as incompatible with industrial uses (CEEP 1998) as well as 
agricultural reuse (Strickland 1999). However, iron used for phosphorus 
precipitation is itself reclaimed from other industries, and so iron precipitation 
may therefore have a part to play in promoting the wider cyclic use of 
resources across society if technical problems in the reuse of iron phosphate 
can be overcome. Phosphorus precipitated by calcium also regulates the 
availability of phosphorus in soils (Mainstone et al. 2000) and so, although 
more expensive than precipitation with iron or aluminium, may be inherently 
the most sustainable of the three current chemical options if it promotes reuse 
in industry and agriculture. Linear inputs of other chemical resources and 
energy into the precipitation process must also of course be taken into account 
when assessing overall sustainability. 
Biological removal of phosphorus is less effective and efficient than 
chemical methods, and is less widely used in the UK (Mainstone et al. 2000). 
However, material and energy inputs may be lower, reducing adverse 
sustainability impacts. Moreover, biological treatment tends to concentrate 
effluent, favouring recovery from the liquid phase (Stratful et al. 1999). 
Wetlands designed for treating water may be an effective lower-technology 
method for phosphorus removal from secondary-treated effluent, but 
phosphorus removal tends to stop when absorptive sites on the surface of the 
wetland medium become saturated (Nuttall et al. 1997). 
Various types of ion-exchange resin bind phosphate, and ion exchange is 
increasingly widely used in effluent stripping. However, regeneration of resin 
inevitably entails the production of a volume of solution with a high 
phosphorus content, disposal of which may present significant sustainability 
challenges (Mike Waite (lonex), personal communication). If the phosphorus 
is not reused in a cyclic manner (i.e. with a wider systems perspective in 
mind), phosphorus removed from effluent may result in only local 
environmental improvement whilst perpetuating unsustainable resource use 
patterns including net degradation of ecosystem quality on a broader scale. 
Electrochemical ion exchange is an evolution of this technology, but a 
consensus of delegates at a recent workshop (see the Acknowledgements) 
suggested that the technology currently is far from economic, when removing 
phosphorus present at the low concentrations found in effluent. 
Magnetic methods for phosphorus removal from effluent require further 
development (Mainstone et al. 2000) but, together with other emerging 
technologies, may in due course offer helpful steps towards the eventual goal 
of sustainable use of phosphorus and other resources. 
Removal of phosphorus from effluent yields clear local environmental 
benefits, but is not itself a sustainable approach if the phosphorus is simply 
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landfilled or disposed of by other means. Regardless of the technology used, 
phosphorus reclamation can only be considered inherently sustainable if it is 
reused by society in cyclic systems, eliminating destructive linear flows 
(including detention in landfill sites) from the lithosphere to the biosphere. 
Sustainability implications of technological solutions, including material, 
energy, habitat use and ethical considerations, must be taken fully into account 
in assessing the overall contribution to sustainability of local phosphorus 
removal. Unfortunately, UK Government policy on investment in sewage 
effluent treatment plant (for example DETR and Welsh Office 1998) considers 
only the "downstream" local environmental consequences of effluent 
treatment, overlooking the wider sustainability implications of environmental 
technology solutions such as increasing demands on energy, linear usage of 
resources, the implications of additional treatment chemicals and their 
environmental fate (Everard & Porritt 1997) and alternative use of "soft" 
technologies such as habitat restoration (Everard 1997). The consequences of 
fossil fuel-based energy, releases of unnatural substances, impacts on wildlife 
and a range of other factors implicit in the system model of Holmberg et al. 
(1996), including ethical concerns, must also be taken into account in the long-
term achievement of the cyclic and sustainable use of resources. 
A further option for the reuse of phosphorus contained in liquid effluent is 
recycling the effluent through to irrigation, eliminating the need for technical 
removal of phosphorus. This raises a number of questions, including 
balancing the phosphorus supply with the needs of crops, likely costs of 
disinfection where food crops are involved, health and safety considerations, 
and the implications of abstraction licensing for use of effluent that would 
otherwise supplement river flows. All of these considerations would have to 
be carefully balanced within an overall systems-based assessment of 
sustainability. 
B. Recycling sludge 
The dumping of sewage sludge (biosolids) at sea, a linear and wasteful use of 
resources, is now prohibited across Europe under the EU Urban Waste Water 
Treatment Directive. Disposal is now largely to landfill, which merely detains 
the entry of phosphorus and other substances into the biosphere. The route to 
landfill is itself increasingly constrained as the EU Landfill Directive imposes 
restrictions on the future dumping of organic matter into landfill sites, creating 
an incentive for more cyclic and sustainable means for sludge reuse. Various 
technical options for the separation and reuse of component materials within 
sludge have been advanced, for example the Finnish KREPRO process which 
separates phosphorus, organic materials (both soluble and solid), coagulants 
and heavy metals for potential reuse (Andersson 1999; KREPRO 2000). This 
and other reuse methods - including incineration, biogas generation and 
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biodrying for spreading to land - can only be considered inherently 
sustainable if the residual matter is reused cyclically in agriculture or industry, 
and if all inputs of materials and energy are factored into the overall 
assessment. In the UK, the Sludge (Use in Agriculture) Regulations 1989 
stipulate that sludge should be used in a way that takes account of the nutrient 
needs of the crop whilst not impairing the quality of the soil, groundwaters 
and surface waters. Composting technologies may offer effective ways of 
rendering sewage sludge microbiologically safe and suitable for horticultural 
and agricultural uses. However, current pressure from the retail sector (for 
example in British Retail Consortium et al. 1999) to limit spreading to land is 
threatening sustainable use of this valuable resource. For sustainable and 
cyclic use to be secured and developed, routes from effluent to land must be 
secured, both for food crops and non-food crops (energy, fibre, chemical 
feedstock or pharmaceutical). 
C. Best agricultural practice 
A great deal of excellent literature has been produced on good practice in 
agriculture, and various best practice manuals are available (for example 
DETR 1996; MAFF 1998a,b,c; Scottish Office 1997). Mainstone et al. (1996) 
identify three main areas which, from the systems perspective, are also 
consistent with minimising phosphorus flows from land. 
(1). Phosphorus application should always take account of the existing 
availability of phosphorus in soils and the needs of the crop, to ensure that 
phosphorus and other substances are not applied in excess. This is a safeguard 
against leaching or the degradation of soil structure. Innovations such as 
"precision" agriculture incorporate this approach, but are not yet widely used 
in the UK. Indeed, precautionary application of fertilisers to land without 
analysis of need remains the norm. 
(2). Soil conservation is an essential element of good husbandry of farmland. 
Over 99% of the phosphorus in soils is generally in a non-mobile form 
attached to soil particles (University of Idaho 2000), so effective erosion 
control not only averts soil loss but also ensures that the phosphorus will not 
move from field to water. Low-tillage regimes, sensitive siting of gates and 
other erosion "hot-spots", contour ploughing, and a range of other forms of 
"best practice" are all soil conservation measures that should perhaps be more 
widely practised in the UK. In Australia, where vulnerable low-nutrient 
freshwater systems are common and the entry of sediment into watercourses is 
of major significance in eutrophication, Landcare has proved an effective 
". . . community-based approach to fixing environmental problems and 
protecting the future of our natural resources" (Landcare 1997). Landcare is 
widespread across Australia, receives federal funding ($Aus280 in 1997), and 
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involves one in three farmers across Australia. The health of the soil is central 
to thinking in organic farming, which also has the potential to reduce losses 
from land to water. 
(3). Offsite retention methods such as buffer zones and constructed wetlands 
are helpful lower-technology solutions, but are predominantly "end-of-field". 
From the systems perspective, a more efficient use of investment is 
"upstream" in the prevention of problems. 
D. Reduced phosphorus content in domestic products 
Much of the phosphorus content of domestic washing products is geared to 
overcome the effects of the maximum hardness of water, rather than targeted 
to specific hardness levels encountered within a region, resulting in many 
times more phosphorus used in and released from homes than is actually 
required (Gunther Pauli, quoted in Fast Company 1993). Minimisation of 
phosphorus in domestic cleaning products has been tackled across Swedish 
society (Wilson & Jones 1995) and as part of the campaign to reverse the 
impacts of eutrophication in the Murray-Darling basin in Australia (Murray-
Darling Basin Campaign 2000), reducing much of the linear flow of the 
resource. Phosphorus reduction, in conjunction with stripping phosphate from 
effluent and its reuse in industry and agriculture, would form a cyclic and 
potentially sustainable pathway of resource use. A near-linear decline in 
soluble reactive phosphorus concentration has been observed in the rivers of 
the Anglian Region between 1981 and 1995 (1.00 declining to 0.32 mg per 
litre expressed as annual river median values) which, since total oxidised 
nitrogen (TON) concentrations have remained virtually static (6.1 to 7.9 mg 
per litre in the same period), has been attributed to lower levels of phosphorus 
in domestic products (Harper 2001). However, there remains considerable 
scope for more deliberate focus on resource-efficient formulations, and a 
growth in public awareness along the lines of that achieved in Sweden and the 
Murray-Darling Basin. Converse arguments have been advanced for not 
minimising the phosphorus content of domestic products, creating a greater 
incentive for phosphorus recovery from effluent which may itself be a more 
efficient way of preventing eutrophication in waterways (for example Wilson 
& Jones 1995). Whatever the strategy for its achievement, the cyclic objective 
remains central to the eventual sustainable reuse of phosphorus within society. 
E. Continuing eco-efficiency in industry 
As noted above, the direct contribution of industry to eutrophication of 
freshwater catchments in the UK appears to be minor. Continuing eco-
efficiency is therefore assumed as "best practice" to minimise flows to the 
biosphere from this societal pathway. Where appropriate, further development 
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of tranmaterialisation (substitution with less problematic substances) or 
dematerialisation (elimination of material inputs) measures may be 
appropriate for industrial processes with a high risk of phosphorus release. 
F. Recovery of phosphorus from power generation and incineration 
Considerable quantities of phosphorus are associated with solid waste 
products from industry, and particularly from the domestic sector in the form 
of both end-of-life products and waste food. Restrictions on the future 
disposal of organic matter and other substances to landfill under the EU 
Landfill Directive is likely to divert increasing amounts to incinerators, as 
well as to encourage reuse and recycling. Incinerator ash, in addition to the 
considerable volumes of residual ash from power generation, are traditionally 
disposed of in landfill. This represents both a linear and inefficient use of 
resources, and is a relatively concentrated form of phosphorus from which 
recovery is both desirable and economically more favourable. 
Incentives and compulsions both to reduce the usage of fossil carbon fuels 
and recycle increasing proportions of domestic waste must be responded to 
carefully to ensure that measures proposed represent stepwise progress 
towards a fully sustainable and cyclic future, rather than just delivering local 
benefits. 
Other contributory factors 
The issue of "food miles" has received a great deal of attention with respect to 
its implications for energy-efficiency and ethical concerns (Everard 2001). 
Equally, the often ill-judged net "export" of water entailed in the production 
of water-intensive goods such as timber and rice is largely "invisible" but of 
considerable concern from the sustainability perspective (Calder 1999). The 
import of food and other phosphorus-rich products also represents a net influx 
of phosphorus into the UK ecosystem which, if not handled cyclically, can 
only contribute further to "downstream" adverse impacts upon water 
resources and other ecosystems. 
For all options discussed above, the material and energy inputs of 
phosphorus reclamation and the costs of transport for reclaimed phosphorus 
may be considerable, and should be factored into an overall sustainability 
assessment. 
Achievement of cyclic phosphorus use and systemic protection of aquatic 
resources 
Until recently, the effects of eutrophication arising from phosphorus 
enrichment have not been regarded as a problem worthy of direct regulatory 
control in the UK. This contrasts markedly with the considerable success of 
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integrated approaches to controlling nutrients in a number of large river basins 
elsewhere in the world, such as the campaign to reverse the impacts of 
eutrophication in the Murray-Darling basin in Australia (Murray-Darling 
Basin Campaign 2000) and the co-operation between governments and 
agencies at State, Federal and International levels to control and reduce 
phosphorus on the River Danube (Weilguni & Humpesch 1999; Sutcliffe 
2000; Weilguni et al. 2000). Technologies to control inputs of phosphorus to 
fresh waters have been largely "end-of-pipe" or "end-of- field". Rather than 
merely addressing the alleviation of acute local symptoms of eutrophication, 
albeit that they may be important problems requiring urgent attention, 
sustainable solutions to phosphorus enrichment must be based on a systems 
approach. A number of obstacles need to be overcome to effect a transition 
from "downstream" environmental management into a fully systems-based, 
sustainable form of resource recycling. 
Regulatory mechanisms that are focussed purely on local problems, 
uninformed by the systems approach and wider sustainability considerations, 
present a significant obstacle to more sustainable forms of cyclic phosphorus 
reuse. They serve to perpetuate a mindset that fails to address the broader 
context of sustainable development, and to lock investment into schemes that, 
whilst of local benefit, may make no systemic contribution towards 
sustainability. UK Government drivers for water quality improvements under 
the Asset Management Planning process, as well as treatment requirements 
under various water-related EU Directives, fall very much into this category. 
Urgent attention is required to change both policy and the thinking of policy-
makers to accelerate progress towards the sustainable and cyclic use of 
phosphorus and other resources. There are also questions about the strength of 
political will to challenge the status quo of society's destructive patterns of 
resource use. As Porritt (2000) puts it, ". . . politicians the world over 
continue to peddle redundant visions of industrial progress to their 
consumption-driven electorates, responding to this stark ecological reality by 
trimming their business-as-usual strategies with a few token environmental 
flourishes". 
Not surprisingly, there also exist significant economic barriers to more 
sustainable use of phosphorus. The global economy is based on implicit 
assumptions about unrestricted growth supported by unsustainable linear 
resource use (Jackson 1996; Everard 2000). For example, it is manifest 
madness that market prices reward the addition of phosphorus to soils already 
saturated with the substance, and derived from rock phosphate mined in 
distant countries, sorted, shipped thousands of miles, purified, then further 
transported and spread. The same market system that externalises 
sustainability considerations at once creates an incentive for pollution and 
penalises technologies that offer the capacity to reclaim phosphorus for reuse 
in industry and agriculture. At present, virgin mined phosphorus has a market 
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price of £40 per tonne compared to c. £400 per tonne for phosphorus 
reclaimed from liquid effluent (information derived from delegates of the 
workshop noted in the Acknowledgements). Substantial market adjustment is 
required to internalise many of the environmental and social costs of linear 
resource use, creating an economic climate that encourages more sustainable 
resource use. There is not necessarily any reason to believe that phasing in 
more sustainable resource use would have a negative impact on the economy; 
indeed, it will create new markets within a more sustainable economy. 
Fertiliser manufacturers could, for example change their main market from 
linear inputs of nutrients to the marketing of additives to sludge and 
phosphorus recovered from effluent. The hugely successful entry into the 
domestic cleaning products market (a market worth $20 billion annually in the 
USA alone) by the Ecover company on the basis of low-phosphorus and more 
environmentally benign products (Gunther Pauli in Fast Company 1993) 
provides a practical example of an opportunity seized on the basis of 
increasing sustainability. A range of foresighted companies are now 
addressing sustainable development as a major business opportunity, defining 
as it does the kinds of changing culture and markets that are inevitable 
consequences of diminishing resources and a rising population (Everard 
2000). As Cotton & Ekins (1998) observe for renewable energy, ". . . there 
are no good grounds for thinking that the transition over the course of the 
twenty-first century to a low or no carbon energy system will be expensive, or 
even incur any costs at all, apart from those of proactive government policy. 
The transition is better perceived as a guided, fundamental structural change 
in a world where such change, guided or not, is occurring the whole time". 
This same principle will also be true of other resources as society changes to 
address the ultimately unavoidable challenge of sustainable development. 
Implicit assumptions about the extrapolation of today's prevailing economic 
and technical norms into the future present a further barrier of perception 
about the feasibility of change. And yet we all accept that we live in a world 
of rapid and accelerating change, in which " . . . A great change in our 
stewardship of the Earth and the life on it is required if vast human misery is 
to be avoided and our global home on this planet is not to be irretrievably 
mutilated" (extract from the World Scientists' Warning to Humanity, as 
published in Union of Concerned Scientists 1992). The economic and 
technical barriers highlighted above must be viewed in the light not only of 
the magnitude of the global challenge to be addressed, but also the need to 
introduce a resource cycle for other substances such as carbon, nitrogen, 
metals and water. The simultaneous need to address these other material 
cycles may deliver technical opportunities and economic multipliers that can 
more rapidly accelerate the recycling of phosphorus. For example, the wider 
application of water-efficient and water-free technologies may concentrate 
liquid waste entering STWs and render the phosphorus it contains more 
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readily extractable, whereas the drive to source more energy by carbon-neutral 
means may produce more concentrated or reusable phosphorus in the residues 
of methanogenesis, biosolid incineration or other energy recovery 
technologies. Phosphorus recovery from other organic wastes (e.g. waste 
food, paper, selected industrial waste streams) as well as sewage effluent, may 
also support the economic case for phosphorus recycling technology. At 
present, if reclaimed phosphates from effluent were to be used in the 
manufacture of fertilisers (and at present there is no economic incentive to do 
so in the UK), phosphorus would be combined with purified ammonia to 
manufacture ammonium phosphate. But ammonia is a problematic substance, 
which much of the secondary treatment infrastructure of STWs is designed to 
oxidise, presenting an example of synergistic opportunities revealed by a 
cross-sectoral systems view. The well-established struvite process already 
achieves the co-precipitation of the two problematic substances, phosphate 
and ammonia (Booker et al. 1999). 
It is also necessary to challenge predominant thinking about the costs and 
benefits associated with the delivery of more sustainable cyclic uses of 
phosphorus and other resources. Most analyses of the economics of recovery 
and reuse of phosphorus from effluent are based firmly on today's probable 
market prices (for example Woods et al. 1999 or Durrant et al. 1999). Yet 
most people would accept that we live in a fast-changing world in which 
sustainability pressures lead to increasing resource costs and scarcities, a 
declining capacity to dispose of waste, ever more stringent regulatory 
requirements, and greater public and customer pressure for more 
environmentally and socially responsible practice. The economic climate will 
therefore inevitably change considerably in coming years, favouring 
inherently more sustainable practice as the adverse effects of today's 
unsustainable norms become more evident. This changing economic climate, 
together with the economic multipliers of the coincidental closure of reuse 
cycles for other resources (some noted in this article), may more rapidly 
become favourable to phosphorus recovery for reuse. 
Changes in mindset are also required from environmentalists, 
conservationists and regulators, who will in future need to focus not solely on 
the pressing problems of local eutrophication but on management as part of a 
sustainable systems-scale solution. The parochial issues not only lie within 
larger systems, but systems solutions will also deliver wider benefits. Patience 
will also be required as cultural change at this scale, although the most 
pressing priority of the new millennium, is necessarily long-term. The 
recovery of rivers and still waters from excessive historic nutrient inputs may 
also be long-term, due to a diversity of confounding factors such as sediment 
storage of excess nutrients, reduced flows, channel modifications, 
sedimentation, altered sediment type, tree cover, and changes in composition 
of species. 
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Different attitudes towards resource allocation may also be an unavoidable 
consequence stemming from sustainability challenges. The Kyoto Protocol 
has not only established limits for the emission of greenhouse gases, most 
notably from fossil fuels, but has also enshrined the principle of more 
equitable reallocation of fossil fuel usage from the profligate developed world 
to the needy developing world. It is highly likely that this same principle of 
reallocation of increasingly depleted and problematic virgin resources 
eventually may also be extended to the use and reuse of other resources, 
including phosphorus. Strategic action to "close the loop" of resource use is 
therefore not merely ecologically and ethically responsible, but is also a 
prudent course of action based on long-term economic self-interest. 
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